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Crystal Structure of Heterodimeric Hexaprenyl Diphosphate
Synthase from Micrococcus luteus B-P 26 Reveals That the
Small Subunit Is Directly Involved in the Product Chain
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Hexaprenyl diphosphate synthase from Micrococcus luteus
B-P 26 (MI-HexPPs) is a heterooligomeric type trans-prenyl-
transferase catalyzing consecutive head-to-tail condensations
of three molecules of isopentenyl diphosphates (C;) on a farne-
syl diphosphate (FPP; C, ;) to form an (all-E) hexaprenyl
diphosphate (HexPP; C;,). MI-HexPPs is known to function as
a heterodimer of two different subunits, small and large sub-
units called HexA and HexB, respectively. Compared with ho-
mooligomeric trans-prenyltransferases, the molecular mecha-
nism of heterooligomeric trans-prenyltransferases is not yet
clearly understood, particularly with respect to the role of the
small subunits lacking the catalytic motifs conserved in most
known trans-prenyltransferases. We have determined the
crystal structure of MI-HexPPs both in the substrate-free form
and in complex with 7,11-dimethyl-2,6,10-dodecatrien-1-yl
diphosphate ammonium salt (3-DesMe-FPP), an analog of
FPP. The structure of HexB is composed of mostly antiparallel
a-helices joined by connecting loops. Two aspartate-rich mo-
tifs (designated the first and second aspartate-rich motifs) and
the other characteristic motifs in HexB are located around the
diphosphate part of 3-DesMe-FPP. Despite the very low amino
acid sequence identity and the distinct polypeptide chain
lengths between HexA and HexB, the structure of HexA is
quite similar to that of HexB. The aliphatic tail of 3-DesMe-FPP
is accommodated in a large hydrophobic cleft starting from
HexB and penetrating to the inside of HexA. These structural
features suggest that HexB catalyzes the condensation reac-
tions and that HexA is directly involved in the product chain
length control in cooperation with HexB.
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Over 50,000 structurally diverse isoprenoids, which are
built from C; isoprene units, are widely distributed in nature
(1). Many kinds of isoprenoids, such as steroids, hemes, caro-
tenoids, vitamins, quinones, and membrane lipids, are essen-
tial components of the cellular machinery of all organisms.
Prenyltransferases, the so-called prenyl diphosphate syn-
thases, catalyze consecutive head-to-tail condensations of
isopentenyl diphosphates (IPP%* C, homoallylic substrate)
on an allylic substrate, such as dimethylallyl diphosphate
(DMAPP; C,) or farnesyl diphosphate (FPP; C, ), to form lin-
ear prenyl diphosphates with various chain lengths (Fig. 14).
The linear prenyl diphosphates are common precursors of the
carbon skeletons for all isoprenoids. According to the geome-
try of the newly formed double bonds of the products, prenyl-
transferases can be divided into two major classes, trans- and
cis-prenyltransferases (2—4). Furthermore, the trans-prenyl-
transferases can be divided into two subclasses, homo- and
heterooligomeric enzymes (Fig. 1B), whereas all known cis-
prenyltransferases, including farnesyl and decaprenyl diphos-
phate synthase from Mycobacterium tuberculosis (5) and un-
decaprenyl diphosphate synthases from Micrococcus luteus
B-P 26 (6) and from Escherichia coli (7), are homodimeric
enzymes.

Homooligomeric trans-prenyltransferases are widely
known and well characterized (Fig. 1B). Most of them exist as
a homodimer under physiological conditions. So far, the crys-
tal structures of many of the homooligomeric trans-prenyl-
transferases have been determined as a homodimer with a
2-fold axis at the interface (8 —20). All of them typically pos-
sess a bundle of anti-parallel a-helices in a monomer. Each

2 The abbreviations used are: IPP, isopentenyl diphosphate(s); 3-DesMe-FPP,
7,11-dimethyl-2,6,10-dodecatrien-1-yl diphosphate ammonium salt;
DMAPP, dimethylallyl diphosphate; DMSPP, dimethylallyl S-thiolodiphos-
phate; FARM, first aspartate-rich motif; FPP, farnesyl diphosphate; FPPs,
farnesyl diphosphate synthase; GGPP, geranylgeranyl diphosphate;
GGPPs, geranylgeranyl diphosphate synthase; GPP, geranyl diphosphate;
GPPs, geranyl diphosphate synthase; HepPP, heptaprenyl diphosphate;
HepPPs, heptaprenyl diphosphate synthase; HexA and HexB, hexaprenyl
diphosphate synthase A and B subunit, respectively; HexPP, hexaprenyl
diphosphate; HexPPs, hexaprenyl diphosphate synthase; LSU, large sub-
unit of GPPs from M. piperita; OPPs, octaprenyl diphosphate synthase;
PDB, Protein Data Bank; r.m.s., root mean square; SARM, second aspar-
tate-rich motif; SSU, small subunit of GPPs from M. piperita; aa, amino
acids.
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subunit has a hydrophobic cleft at each center surrounded by
the helices. Other homooligomeric trans-prenyltransferases
are tetrameric, hexameric, octameric, or much larger oligo-
meric enzymes (21-25). The crystal structure of geranylgera-
nyl diphosphate (GGPP; C,) synthase from Homo sapiens
(Hs-GGPPs) (PDB code 2Q80), a homohexameric enzyme,
reveals that the hexamer is an assembly of the three ho-
modimer units (22). These structural and biological works
suggest that the functional unit of the homooligomeric en-
zymes is a homodimer. Each subunit of the homodimer in the
homooligomeric enzymes has two highly conserved aspartate-
rich DDXX, ,D and DDXXD motifs as well as other charac-
teristic GKXXR, RRG, G(Q/E), KT, and (F/Y)Q motifs (2, 3).
Many structural and mutagenesis studies have shown that all
of these motifs are located around the entrance of the hydro-
phobic cleft and are involved in the recognition of the diphos-
phate part of the two substrates or product and in the con-
densation reactions (10, 13-15, 17, 18, 22, 26 -32). The crystal
structure of FPP synthase from E. coli (Ec-FPPs) with its two
ligands (DMAPP analog and IPP) elucidates the detailed bind-
ing geometry of the substrates (10). On the other hand, the
interior part of the cleft accommodates the hydrophobic tail
of the reaction product. The size of the cleft is strongly in-
volved in the regulation of the final product chain length (9,
11, 12, 26, 33-39). The crystal structure of GGPP synthase
from Saccharomyces cerevisiae (Sc-GGPPs) with its final
product GGPP revealed that the hydrophobic tail of the prod-
uct just fits the cleft in both of the two homodimeric subunits
(18). Many mutagenesis investigations at the interior of the
hydrophobic cleft have reported that the deeper cleft synthe-
sizes the longer final product (12). The cleft shape and size are
also the key factor to develop the inhibitors of these enzymes,
such as bisphosphonates, to medicate osteoporosis, Paget dis-
ease, and hypercalcemia (13, 14, 16 —20, 40 —42). It should be
noted that almost all mutational investigations to extend the
product chain length are designed to make the cleft deeper
along with the antiparallel a-helices because the hydrophobic
chain is commonly believed to extend along the helices (9, 11,
12, 33, 37, 43).

In contrast, the function of heterooligomeric enzymes is
not well understood. Only limited numbers of the enzymes in
this class are known as heterodimeric or heterotetrameric
enzymes (Fig. 1B) (44 —57). The heterooligomeric enzymes are
composed of two different components, large and small sub-
units, and are shown to be unable to catalyze the chain elon-
gation reaction without either of the two components (49, 51,
52, 54-56, 58). The amino acid sequence similarity between
the large components and homooligomeric enzymes is less
than 30% (Fig. 1B), but the catalytically important motifs in
homooligomeric enzymes are still conserved in the large com-
ponents of these heterooligomeric enzymes (2, 44, 51, 52).
Recently, the crystal structure of geranyl diphosphate (GPP;
C,,) synthase from Mentha piperita (Mp-GPPs), a heterotet-
rameric enzyme, has been determined (59). The structure
showed that the large subunits participate in the substrate
recognition and the condensation reactions using the catalytic
motifs as seen in homooligomeric trans-prenyltransferases.
On the other hand, the small components do not possess the
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FIGURE 1. Characterization and classification of trans-prenyltrans-
ferases. A, reactions catalyzed by trans-prenyltransferases. Prenyltrans-
ferases condense IPP molecules consecutively (n times) on an allylic sub-
strate. The elongated product is widely used for various isoprenoid
biosyntheses. The HexPPs here investigated catalyzes the condensation of
IPP three times (n = 3) on FPP (m = 3). B, two subclasses of trans-prenyl-
transferases. Several enzymes belonging to each subclass are listed to-
gether with the starting substrate and the final product. The large compo-
nents of the heterooligomeric enzymes show 20-30% identities to the
homooligomeric enzymes. The small components shown in gray have little
similarity with the homooligomeric enzymes. The HexA and HexB subunits
correspond with the small and the large components, respectively. The de-
tailed list of well characterized enzymes is shown in supplemental Fig. 1.
SPPs, solanesyl diphosphate synthase.

catalytic motifs and show little sequence similarity (up to
10%) with the homooligomeric enzymes and with the large
components (27, 46 —48, 50). The overall architectures of the
small subunits of heterotetrameric Mp-GPPs (SSU) are quite
similar to those of the large subunits and of known homooli-
gomeric trans-prenyltransferases. So far, the role of the small
component is still unclear due to the lack of links between the
structure and mutational analyses.

Hexaprenyl diphosphate (HexPP; C;,) synthase from M. [u-
teus B-P 26 (MI-HexPPs) is known to be a heterodimeric
trans-prenyltransferase catalyzing three consecutive conden-
sations of IPP on FPP to produce HexPP. Several mutational
studies have been performed on this enzyme and a related
heterodimeric enzyme, heptaprenyl diphosphate (HepPP;
C;;) synthase from Bacillus subtilis and Bacillus stearother-
mophilus (60 —62). The small component of M/-HexPPs
(HexA) is composed of only 143 amino acids, which is ap-
proximately half the size of its large component (HexB; 325
amino acids), half the size of the small and the large compo-
nents of heterotetrameric Mp-GPPs (SSU, 266 aa; LSU, 295
aa), or half the size of the typical homooligomeric trans-pre-
nyltransferases (~300 aa). The small and simple architecture
of HexA together with the information of mutational analyses
make MI-HexPPs an attractive target to elucidate the detailed
molecular mechanisms of heterooligomeric trans-prenyl-
transferases, especially the role of the small components in
the overall function. Thus, we have determined the crystal
structure of MI-HexPPs in both the substrate-free and ligand-
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bound forms. The structure implies that HexA is directly in-
volved in the product chain length regulation together with
the other component HexB.

MATERIALS AND METHODS

Cloning, Expression, and Purification—The EK/LIC cloning
kit (Novagen) was utilized to construct the expression
systems. The gene fragment encoding 143 aa of HexA
(AB003188) was amplified with polymerase chain reaction
(PCR) using hexs-a_pUC119 (50) as the template with the
forward primer 5'-GACGACGACAAGATGCGTTATTTAC-
ATAAAATTGAACTAGAA-3' and the reverse primer
5'-GAGGAGAAGCCCGGTTACTCATAAGACACCACTT-
TCTCATTG-3'. The amplified gene was inserted into an
ampicillin-resistant vector pET32Ek/LIC (Novagen). The cre-
ated plasmid named hexs-a_pET32 expresses HexA with thi-
oredoxin, His, and S tags in front of the N terminus. The
enterokinase protease failed to cut the S tag from the
expressed HexA at the specific digestion site. Thus, we made
a new construct (hexs-a_pET32AS) without the S tag and
enterokinase-specific site in HexA with an inverse PCR
method using the forward primer 5'-ATGCGTTATTTACA-
TAAAATTGAACTAG-3' and the reverse primer 5'-GACC-
ACGGTGCGCCAAGACCATAC-3". The resultant vector,
named hexs-a_pET32AS, expresses HexA with thioredoxin
and His tags in front of its N terminus. The tags on the new
construct can be removed only with thrombin. The HexB
(325 aa; AB003188) gene fragment was amplified from the
template plasmid hexs-b_pUC119 (50), with the forward
primer 5'-GACGACGACAAGATGATTGCTTTGAGTTAT-
AAAGCGTTTTTA-3' and the reverse primer 5'-GAGGAG-
AAGCCCGGTTAATAAACACGTTTTAACATTTTTTC-
GTG-3'. The amplified gene was inserted into the LIC site in
a kanamycin-resistant vector, pET30Ek/LIC (Novagen). The
resultant vector, named hexs-b_pET30, expresses HexB with
His and S tags in front of its N-terminal. The tags on the con-
struct can be removed with thrombin and recombinant
enterokinase.

The single transformed E. coli cells (Rosetta2(DE3)pLysS)
with either hexs-a_pET32AS or hexs-b_pET30 express HexA
or HexB as an inclusion body, respectively. In contrast, the
co-transformed cells with both of the two vectors express a
decent amount of the soluble HexA and HexB as described
below. The co-transformants were plated on Luria-Bertani
(LB) agar plates containing 34 ug/ml chloramphenicol, 50
pg/ml carbenicillin, and 20 ug/ml kanamycin at 37 °C. The
resultant colonies were separately picked up and precultured
at 37 °C with overnight shaking at 180 rpm. %100 volume of
preculture was inoculated into LB medium containing the
same antibiotics with the plate. The cells were cultured at
37 °C for about 2.5 h with shaking at 180 rpm until the ab-
sorbance at 600 nm reached 0.6. Isopropyl B-p-thiogalactopy-
ranoside was added to a final concentration of 1 mm, and the
induction of the recombinant protein was continued for an
additional 3 h at 25 °C.

The harvested cell pellet was suspended in suspending
buffer (50 mm sodium phosphate (pH 7.0), 300 mm NaCl, 1
mMm DTT) containing 10 ul/ml protease/inhibitor cocktail
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(NACALAI TESQUE). The suspension was sonicated on ice,
and the cell debris was removed by centrifugation for 60 min.
at 18,000 rpm (30,000 X g). After filtration by a 1.2-um pore
filter, the supernatant was applied to TALON His tag affinity
resin (Clontech) equilibrated with equilibration buffer (50 mm
sodium phosphate (pH 7.0), 300 mm NaCl). The resin was
washed with equilibration buffer, and the stepwise imidazole
concentrations (50, 100, and 150 mMm) were used for elution.
The buffer of the fractions containing M/-HexPPs (100 and
150 mMm imidazole in equilibration buffer) was exchanged with
equilibration buffer. The tags were removed simultaneously
with a treatment with thrombin (GE Healthcare; 10 units for
1 mg of protein) and recombinant enterokinase (Novagen; 2
units for 1 mg of protein) in cleavage solution (50 mm sodium
phosphate (pH 7.0), 300 mm NaCl, 5 mm MgCl,, 100 um FPP)
for 40 h at 4 °C. The digestion was stopped by adding 4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride to a final
concentration of 1 mm. The reaction mixture was applied to
another TALON column equilibrated with equilibration
buffer. The flow-through was collected, and its buffer was
exchanged to buffer A (20 mm Tris-HCI (pH 7.5), 50 mMm
NaCl, 1 mm DTT, 10% (v/v) glycerol). The sample was applied
to an anion exchange column (MiniQ 4.6/50 PE, 0.8 ml; GE
Healthcare) equilibrated with buffer A and eluted at a flow
rate of 0.3 ml/min. with a linear NaCl gradient (50 —1000 mm)
with buffer B (20 mm Tris-HCI (pH 7.5), 1000 mm NaCl, 1 mm
DTT, 10% (v/v) glycerol). The MI-HexPPs fraction was con-
centrated to a volume of 500 ul in buffer C (20 mm Tris-HCl
(pH 7.5), 300 mm NaCl, 1 mm DTT, 10% (v/v) glycerol) and
applied to a size exclusion column (Superdex 200 10/300 GL,
24 ml; GE Healthcare) equilibrated with buffer C at a flow rate
of 0.4 ml/min. All purification steps were carried out at

4. °C. Approximately 8 mg of the purified MI-HexPPs was ob-
tained from 3 g of the wet cells (co-transformed with hexs-
a_pET32AS and hexs-b_pET30) that had been harvested from
1.5 liters of the culture. The purity of the final MI-HexPPs
sample for crystallization was more than 95% (SDS-PAGE).

Prenyltransferase Activity Assay—The prenyltransferase
activity assay was performed as reported previously with small
modifications (63). The assay mixture (10 mm Tris-HCI (pH
7.5), 2.5 uM [*C]JIPP (2.18 GBq/mmol), 2.5 M FPP, 5 mm
MgCl,, and 30 ug of recombinant MI-HexPPs) was incubated
in a final volume of 200 ul for 1 h at 37 °C, and the reaction
was stopped by chilling in an ice bath. The product was ex-
tracted by shaking with 600 ul of 1-butanol saturated with
water. The butanol layer was washed with 200 ul of water
saturated with NaCl and treated with potato acid phospha-
tase. The hydrolysates were extracted with pentane and ana-
lyzed by reversed phase TLC using a precoated plate, LKC-
18F (Whatman), developed with acetone/H,O (9:1) (64).
Authentic standard alcohols were visualized with iodine va-
por, and the distribution of radioactivity was detected using a
Fuji BAS 1000 Mac bioimaging analyzer (Fujifilm, Tokyo,
Japan).

Oligomeric State Analysis—The molecular weight of sam-
ples in solution was analyzed using a size exclusion column
(Superdex 200 10/300 GL) equilibrated with buffer C at a flow
rate of 0.4 ml/min. The retention volume of MI-HexPPs was
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compared with those of marker proteins. The samples and
markers applied to the column were purified MI/-HexPPs (3.5
mg/ml, 500 ul), aldolase (158 kDa), conalbumin (75 kDa),
ovalbumin (43 kDa), chymotrypsinogen A (25 kDa), and ribo-
nuclease A (14 kDa). All marker proteins were purchased
from GE Healthcare.

Crystallization and Data Collection—Initial crystallization
screening was performed at 4 °C with the sitting drop vapor
diffusion method using typical commercial crystal screen kits
(Hampton Research) with over 400 conditions. The crystals of
MI-HexPPs were obtained in a mixture of 1 ul of the sample
solution (10 mg/ml recombinant M{-HexPPs, 20 mm Tris-
HCI (pH 7.5), 50 mm NaCl, 1 mm DTT, 10% (v/v) glycerol)
and 1 pl of the reservoir solution (0.08 m Tris-HCI (pH 8.5),
0.16 M magnesium chloride hexahydrate, 24% (w/v) PEG
4000, 20% (v/v) glycerol), equilibrated with 100 ul of the res-
ervoir solution by the sitting drop vapor diffusion method at
4.°C. The crystals were mounted on a cryoloop (Hampton
Research) and flash cryocooled in a nitrogen stream at 95 K
without using any specific cryoprotectant solutions. Data sets
of x-ray diffraction were collected at 95 K using synchrotron
radiation at the BL5A (ADSC Quantum 315 CCD detector)
beamline at the Photon Factory, KEK, Japan, under the fol-
lowing conditions: an oscillation range, an exposure time per
frame, and a crystal-to-detector distance of 0.2°, 5.0 s, and
280.1 mm, respectively. The derivative crystals were prepared
by soaking in a reservoir solution containing 1 mm thimerosal
(a mercury compound) for 14 h. The data sets were collected
at the BL17A (ADSC Quantum 270 CCD detector) at the
Photon Factory, under the following conditions: an oscillation
range, an exposure time per frame, and a crystal-to-detector
distance of 0.5°, 5.0 s, and 331.3 mm, respectively. The crystals
in complex with 7,11-dimethyl-2,6,10-dodecatrien-1-yl
diphosphate ammonium salt (3-DesMe-FPP) (65) were pre-
pared by soaking in reservoir solution with 1 mm analog for
12 h. The compound 3-DesMe-FPP was a kind gift from Prof.
Y. Maki (Yamagata University) (65). The data sets were col-
lected at NW12A (ADSC Quantum 270 CCD detector) at the
Photon Factory Advanced Ring under the following condi-
tions: an oscillation range, an exposure time per frame, and a
crystal-to-detector distance of 0.25°, 1.0 s, and 235.1 mm, re-
spectively. All diffraction images were integrated and scaled
using the HKL2000 program suite (66).

Phasing, Model Building, and Refinement—Phases were
determined at the resolution range of 50-3.0 A by the SIRAS
(single isomorphous replacement with anomalous scattering)
method using the program SOLVE (67) with the native and
thimerosal derivative data sets. The phases were improved,
and an initial model was constructed using the program
RESOLVE (68) at the same resolution range. The initial 2F) — F,
electron density map after the RESOLVE treatment clearly
showed electron density for most amino acid residues. The
final model structure consists of two heterodimers in a crys-
tallographic asymmetric unit. Each of the heterodimers is
constructed from subunits S; (HexA) and L, (HexB) as well as
S, (HexA') and L, (HexB'). Residues 1—4 in subunit L, as well
as the C terminus of 135-143 in subunits S; and S, were dis-
ordered. The model was manually modified at the 50-3.0 A
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resolution range using the program COOT (69). The refine-
ment was finalized at the resolution of 50—2.4 A for the native
data set using the program REFMACS5 (70) in CCP4i (Collab-
orative Computational Project 4 interface) (71). The 2F, — F,
electron density map was significantly improved after the re-
finement. The Ry, value, which was calculated with ran-
domly selected 5% reflections, was used for monitoring the
quality of the model. The final figure of merit, R, and Ry,
values were 0.79, 24.0, and 27.6%, respectively. The data set of
the 3-DesMe-FPP complex was directly phased with the final
substrate-free MI-HexPPs model and refined at 50 -2.6 A res-
olution. The Ramachandran analyses for the structures were
performed using the program MOLPROBITY (72, 73). The
statistics for data collection, phasing, refinement, and the final
model are summarized in Table 1.

RESULTS AND DISCUSSION

Overall Structure of MI-HexPPs and Structural Comparison—
The crystal structure of MI-HexPPs was determined at 2.4 A
resolution (Fig. 2, A and B, and Table 1). MI[-HexPPs is com-
posed of the small component HexA (143 aa, 17 kDa) and the
large component HexB (325 aa, 37 kDa). Two heterodimers
(HexA-HexB and HexA'-HexB') are found in an asymmetric
unit of the crystal (supplemental Fig. 2, A and B). The two
heterodimers are related with a non-crystallographic 2-fold
axis. The intraheterodimer interactions (between subunits S,
(HexA) and L, (HexB) as well as S, (HexA') and L, (HexB'))
are apparently stronger than the interheterodimer interac-
tions (Table 2). The large intraheterodimer interaction area
and A’G value (solvation free energy upon formation of the
interface) are comparable with those of the intrahomodimer
and intraheterodimer interfaces found in various enzymes
(Table 2). The strong interaction between HexA and HexB
(~1800 AZ Table 2) probably contributes to the stabilization
of the heterodimers, as seen in the dimeric unit of trans-pre-
nyltransferases. The size exclusion column chromatography
profile of MI-HexPPs estimated its molecular mass in solution
as ~55 kDa (Fig. 2C), which was very close to the sum of the
calculated molecular masses of HexA and HexB (54 kDa). The
topology of the MI-HexPPs heterotetrameric assembly in
the crystallographic asymmetric unit is different from that of a
heterotetrameric enzyme, Mp-GPPs (supplemental Fig. 2, B
and C). These aspects combined with the prenyltransferase
activity assay (supplemental Fig. 3) support that M/-HexPPs
functions as a heterodimer in solution, as previously sug-
gested (50, 53, 54, 56). It should be noted that MI/-HexPPs and
Mp-GPPs show the equivalent interaction area and A’G value
for their interheterodimer interfaces (Table 2). Thus, it is also
possible to consider that MI-HexPPs forms a heterotetramer
like Mp-GPPs (59). Nevertheless, because the two present
heterodimers are well superposed on each other (r.m.s. devia-
tion value 0.66 A for all 455 Car atom pairs in HexA (subunits
S, and S,) and HexB (subunits L, and L,)), we use one of the
heterodimers (subunits S, and L,) for the following
discussion.

The large subunit of MI/-HexPPs, HexB, is composed of 17
antiparallel a-helices (A—Q) joined by connecting loops. The
other small subunit HexA is also composed of seven antipar-
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FIGURE 2. Overall structure of MI-HexPPs and its analyses. A, front view of
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allel a-helices (R—X) and loops. No B-strand is found in either
subunit. This a-helix-rich folding is also observed in all
known trans-prenyltransferases (8 —20, 22, 59) and several
isoprenoid biosynthesis-related enzymes (74 —79). Despite the
low sequence identity between HexA and HexB and their dis-
tinct polypeptide chain lengths, these two heterodimeric sub-
units are related by a pseudo-2-fold axis at the center of the
heterodimer (Fig. 2, A and B), as observed in the dimeric units
of trans-prenyltransferases (8 —20, 22, 59). The topology dia-
gram showed that HexA corresponds well with the first half of
HexB (helices A-I; Fig. 2D). Superposition of the HexA com-
posed of 134 Ca atoms onto the corresponding part of HexB
(321 Ca atoms) showed that the r.m.s. deviation value was of
2.22 A for 104 Ca atom pairs (Fig. 2E).

HexB is well superposed onto the structures of all known
trans-prenyltransferases. The r.m.s. deviation values are in the
range of 1.90-3.50 A for 233—314 Ca pairs. The best-super-
posed coordinates are homodimeric GGPPs from Pyrococcus
horikoshii Ot3 (Ph-GGPPs) (PDB code 1WYO0) (r.m.s. devia-
tion 2.70 A for 314 Ca of 321 HexB Ca atoms) (Fig. 2F). One
of the two subunits (chain A) of homodimeric HexPPs from
Sulfolobus solfataricus (Ss-HexPPs) (PDB code 2AZJ), which
synthesizes the same product with heterodimeric MI[-HexPPs,
is superposed onto HexB with an r.m.s. deviation value of 2.29
A for 233 Ca of 276 Ss-HexPPs Ca atoms (Fig. 2F). The LSU
of heterotetrameric Mp-GPPs is also well superposed onto
HexB (r.m.s. deviation 1.98 A for 249 Ca of 284 LSU Ca at-
oms) (Fig. 2G). The overall structure similarity and the cata-
lytic motif conservation between HexB and the functional
subunits of known trans-prenyltransferases imply that HexB
catalyzes the condensation reactions with the similar mecha-
nisms to typical trans-prenyltransferases.

The structure of HexA is also similar to that of all known
trans-prenyltransferases, but the size of this subunit (com-

second aspartate-rich motifs, FARM (DDXX,_,D) and SARM (DDXXD), in
HexB are shown by stick models. The other subunit, HexA, is shown by red
helices (R-X) and orange loops. Magnesium ions are shown by pink spheres.
The black line represents the pseudo-2-fold axis at the center of the het-
erodimer. B, top view of the heterodimer structure. The color coding is the
same as in A. The closed black circle indicates the pseudo-2-fold axis. The
pink spheres labeled with 1 and 3 correspond to Mg1 and Mg3 under “Re-
sults and Discussion,” respectively. C, molecular weight analysis of MI-Hex-
PPs in solution by gel filtration chromatography. The molecular mass is esti-
mated as 55 kDa based on the retention volume of MI-HexPPs with the
following protein molecular markers: blue dextran 2000 (Dx; 2000 kDa), al-
dolase (Aldo; 158 kDa), conalbumin (Cona; 75 kDa), ovalbumin (Ova; 43
kDa), chymotrypsinogen A (Chymo; 25 kDa), and ribonuclease A (Ribo; 14
kDa). The estimated molecular mass is ~55 kDa, which is equivalent to the
calculated molecular mass of the heterodimer (~54 kDa). The K, value is
defined using the equation K, = (V, — V,)/(V, — V,), where V,, V,, and V,
are the elution, column void, and geometric column volumes, respec-
tively. D, a topology diagram of the secondary structures of the M/-Hex-
PPs. Helices of HexA and HexB are colored in red and blue, respectively.
The closed black circle indicates the pseudo-2-fold axis as in B. E, HexA
superposed on HexB. The color code is the same asin A, B, and D. F,
HexB, Ph-GGPPs (PDB code 1WYO0), and Ss-HexPPs (PDB code 2AZ)J) col-
ored in blue, dark brown, and gray, respectively. Ph-GGPPs (chain A) and
Ss-HexPPs (chain A) are superposed on HexB. G, HexB (blue) superposed
on the large subunit LSU (chain D) of Mp-GPPs (yellow) (PDB code 3KRP)
(59). H, HexA (red) superposed on the small subunit SSU (chain C) of Mp-
GPPs (light brown) (PDB code 3KRP) (59). The purple loop indicated by
the black arrow is described under “Results and Discussion.” Figs. 2-5
and supplemental Fig. 2 were prepared using the program PyMOL (avail-
able on the World Wide Web).

JOURNAL OF BIOLOGICAL CHEMISTRY 3733


http://www.jbc.org/cgi/content/full/M110.147991/DC1

Crystal Structure of Heterodimeric Prenyltransferase

TABLE 1
Statistics for data collection and structure refinement
Native Thimerosal® 3-DesMe-FPP
Data collection statistics
X-ray source PF-BL5A PF-BL17A PFAR-NWI12A
Wavelength (A) 1.0000 1.0000 1.0000
Space group . 12,3 12,3 12,3
Cell parameter a (A) 189.6 189.6 189.8
Resolution range (A)” 50-2.40 (2.49-2.40) 50-2.75 (2.85-2.75) 50-2.60 (2.69-2.60)
No. of reflections, total/unique 503,756/44,225 326,388/29,490 553,102/34,831
Completeness (%) (I/a(I) > 0)” 100 (100) 100 (100) 100 (100)
Redundancy” 114 (11.5) 11.1 (10.5) 15.9 (13.3)
I/o(l)® 29.3 (5.4) 20.3 (7.0) 27.5(9.1)
Ry (%) 8.3 (49.4) 9.5 (36.8) 9.9 (34.2)
R... (%) 8.6 (48.6) 9.8 (39.8) 7.1 (33.5)
R, m (%) 2.6 (14.3) 3.0 (12.2) 1.6 (8.5)
Mosaicity range 0.38-0.47 0.38-0.51 0.94-1.48
Phasing statistics
Riyo (%) 27.9
Figure of merit after SOLVE/RESOLVE 0.45/0.58
Refinement statistics
Resolution range (A) 50-2.4 50-2.6
Ry (%)% Ry (%)" 24.0/27.6 23.8/28.2
Figure of merit after refinement 0.79 0.78
Model statistics
No. of atoms
Protein 7436 7436
Ligand 46
Metal ion 4 6
Solvent 120 69
Average B factor (A?) 40.8 46.3
r.m.s. deviation
Bond lengths (A) 0.003 0.003
Bond angles (degrees) 0.616 0.676
Ramachandran plot
Favored (%) 97.5 98.0
Allowed (%) 2.5 2.0
“ CyHyHgNaO,S.

?Values in parentheses indicate statistics for the highest resolution shells.

Ry = 2|1, — (D|/2(I), where I, is the observed intensity and (I) is the average intensity over symmetry-equivalent measurements.
R im. = SIN/(N — 1)L, — (I)|/2(D), where I, is the observed intensity, (I) is the average intensity over symmetry-equivalent measurements, and N is the redundancy; calcu-

lated by SCALA (81, 82) in CCP4i.

Ry im. = 2(1/(N = 1)1, = (D)|/3(1), where I, is the observed intensity, (I) is the average intensity over symmetry-equivalent measurements, and N is the redundancy; calcu-

lated by SCALA (81, 82) in CCP4i.

TRiso = 3||Fpp| — |Fpll/2|Fp|, where Fpyy and Fy, are the derivative and native structure factors, respectively.
ERork = 2||F,| — |F.|/Z|F,|, where F, and F, are the observed and calculated structure factors, respectively.
" Riyee is the same as R, except for a 5% subset of all reflections that were never used in crystallographic refinement.

posed of 7 helices) is much smaller than that of the HexB
subunit (17 helices), any subunits of the homooligomeric en-
zymes (typically over 10 helices), and both the small and the
large subunits of heterotetrameric Mp-GPPs (11 and 14 heli-
ces). Because HexA lacks several conserved residues domi-
nant in the catalysis of trans-prenyltransferase, the role of this
subunit is deduced to be different from the roles of HexB or
any of the catalytic subunits of trans-prenyltransferases. In
addition, it is very hard to estimate the function of HexA from
that of the SSU of Mp-GPPs. The suggested role of SSU con-
sists of simply lining the cleft wall in the large subunit using a
long loop (the purple loop indicated by the black arrow in Fig.
2H). However, the corresponding loop in HexA is much
shorter than the loop in SSU. This implies that the small sub-
unit HexA plays an unrevealed role(s) in the function of het-
erooligomeric trans-prenyltransferases. Thus, we determined
the structure of the ligand complex of MI-HexPPs in order to
more deeply understand the molecular mechanisms of the
HexA subunit as well as the HexB subunit.

Two Substrate-binding Sites and the Condensation
Reaction—An FPP analog, 3-DesMe-FPP (Fig. 3A4), was used
to prepare an allylic substrate complex of MI[-HexPPs. This
compound is not reactive with IPP by prenyltransferase family
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enzymes, because removing the methyl group from the C3
position of FPP destabilizes its allyl cation intermediate,
which is essential for the condensation reaction (80). The
complex structure was determined at 2.6 A resolution (Table
1). The F, — F, omit electron density map clearly showed the
presence of 3-DesMe-FPP and coordinated magnesium ions
(Fig. 3B) in both of the heterodimers (S;L; and S,L,) in a crys-
tallographic asymmetric unit. The binding site is shown in
Fig. 3, C and D. No significant difference was found between
the backbone structure of the substrate-free enzyme and that
of the 3-DesMe-FPP-bound complex. The r.m.s. deviation
values are of 0.24 A (456 Ca atom pairs) and 0.21 A (459 Ca)
for heterodimers S;L; and S,L,, respectively. The diphosphate
moiety of 3-DesMe-FPP is bound on two catalytically essen-
tial aspartate-rich motifs, FARM and SARM, located at the
top of helices D and J, respectively (Fig. 3E). B-Asp®* (Asp®* of
HexB) and B-Asp®® in FARM coordinate two magnesium ions
(Mg2 and Mg3), and the two cations interact with the diphos-
phate part of 3-DesMe-FPP (Fig. 3E). Another magnesium ion
(Mgl) bridges B-Asp>!! in SARM and the diphosphate moiety
of the ligand. Mgl and Mg3 are also found in the substrate-
free structure, whereas Mg2 can be seen only in the complex.
Such features of the magnesium ions are the same as those in
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TABLE 2
Analyses of subunit-interface interactions
Enzyme Oligomeric type Subunits Interface type PDB code Interface area™” A'G*©
A? keal/mol

MI-HexPPs? Heterodimer S,-L, Intraheterodimer 3AQB 1871.7 —24.7
S,-L, 1830.9 —27.1
L,-L, Interheterodimer 354.2 -2.0
S,-L, 194.0 24
S,-L, 199.0 -35

Mp-GPPs? Heterotetramer S,-L; Intraheterodimer 3KRP 1928.3¢ —36.3
S,-L, 1963.4¢ —36.0
L,-L, Interheterodimer 70.2 —-11
S,-L, 376.1¢ 0.2
S,-L, 341.7¢ -12

Gg—FPPsf Homodimer A-A Intrahomodimer 1FPS (dimerized A) 1489.8 —16.6

Sc-GGPPs” Homodimer A-B Intrahomodimer 2DH4 3402.7¢ —51.7¢

Ph—GGPPs/_( Homodimer A-A Intrahomodimer 1WYO (dimerized A) 1064.1 —16.0

Sa-GGPPs/ Homodimer A-B Intrahomodimer 2]1P 1534.4 —36.8

Hs-GGPPs/ Homohexamer A-B Intrahomodimer 2Q80 1579.8 —30.1
C-D 1586.9 —30.0
E-F 1570.4 —30.1
AB-CD Interhomodimer 1221.2 =77
CD-EF 1197.8 —-8.9
EF-AB 1240.5 —10.0

Ss-HexPPs” Homodimer A-B Intrahomodimer 2A7Z) 1774.8 —28.4

Tm-OPPs” Homodimer A-B Intrahomodimer 1V4E 1690.7 —25.6

“ The values were calculated using the program PISA (83, 84).

b Interface area was calculated as difference in total accessible surface areas of isolated and interfacing structures divided by 2.
¢A'G indicates the solvation free energy gain upon formation of the interface. The value was calculated as difference in total solvation energies of isolated and interfacing

structures.

@ The pairs of subunits S, plus L, and S, plus L, form the functional heterodimers. The subunit names S,, L,, S,, and L, are assigned as chains A, B, C, and D in PDB coordi-

nate 3AQB and as chains B, A, C, and D in 3KRP, respectively.

¢ The intra- and interheterodimer interface areas are consistent with those (1980 and 380 A2, respectively) previously reported by Chang et al. (59).

/The subunit names are the same as the chain IDs in each PDB coordinate.

£ The N-terminal helix of each subunit protrudes into the other subunit, resulting in the very large intrahomodimer interface area and stabilization energy (12).

yeast GGPPs (12, 18). Other conserved motifs, GKXXR (B-
Lys*® and B-Arg*®), RRG (B-Arg” and B-Arg”®), G(Q/E) (B-
Glu'*®), KT (B-Lys'”), and (F/Y)Q (B-GIn>°®), are located
around FARM and SARM. Positive groups of B-Arg”® in RRG
and B-Lys'”° in KT directly interact with the diphosphate
moiety (Fig. 3E). This binding mode is similar to that seen in
the “A-site” in all known trans-prenyltransferases (13, 14, 16—
20, 22, 26, 59). As shown in Fig. 3F, the superposed structures
of MI-HexPPs on Ec-FPPs (PDB code 1RQI) (10) show that
the binding modes of the diphosphate part of allylic substrates
(DMSPP and 3-DesMe-FPP for Ec-FPPs and MI-HexPPs, re-
spectively) are essentially the same in both enzymes. Similar
binding modes are also observed in other enzymes, such as
homodimeric Sc-GGPPs (PDB codes 2E8T, 2E8X, and 2E90)
(18), FPPs from Gallus gallus (Gg-FPPs) (PDB codes 1UBW,
1UBX, and 1UBY) (26), and heterotetrameric Mp-GPPs (PDB
code 3KRF and 3KRO) (59).

The binding mode of the other substrate IPP can be de-
duced from the complex structure of Ec-FPPs with its two
substrates, including IPP (10). The IPP molecule was bound to
the other site, called the “I-site” (Fig. 3G) (15). The positive
groups on Lys®® and Arg® in GKXXR, His*%, as well as Arg"”
in RRG in Ec-FPPs, are bound to the diphosphate moiety of
IPP with electrostatic interactions. Similar IPP binding modes
are also found in homodimeric Sc-GGPPs (PDB codes 2E8T
and 2E8U) (18), Hs-FPPs (14, 17) and FPPs from Trypano-
soma cruzi (13) (PDB codes 1ZW5 and 1YHM, respectively),
and heterotetrameric Mp-GPPs (PDB codes 3KRC, 3KRF, and
3KRO) (59). As illustrated in Fig. 3G, the important residues
for the recognition of IPP are conserved in M/-HexPPs. The
side chain conformations of B-Lys*® and B-Arg”* of MI-
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HexPPs are different from those of the corresponding resi-
dues of Ec-FPPs. They probably take a different conformation
when IPP binds on this enzyme.

As shown above, A- and I-sites on the large subunit HexB
in MI-HexPPs are structurally very similar to those on known
trans-prenyltransferases. This similarity suggests that HexB
catalyzes the condensation reaction using a mechanism simi-
lar to that of known trans-prenyltransferases (10, 15). In con-
trast, the other small subunit HexA does not seem to be di-
rectly involved in the condensation reaction because no
dominant residues in catalysis are conserved in both the pri-
mary and three-dimensional structures. The specific role of
HexA is discussed below.

Hydrophobic Cleft at the Heterodimer Interface; the Small
Subunit Is Directly Involved in the Product Chain Length Reg-
ulation Together with the Large Subunit—A large hydropho-
bic cleft is found at the heterodimer interface of the Mi-
HexPPs (Fig. 44, left). The size of the cleft is about 10 X 15 X
25 A% in width, height, and depth, respectively. The cleft en-
trance starts from the two substrate-binding sites (A- and
I-sites) on the HexB surface (orange arrows in Fig. 4A, left),
and the cleft bottom contacts the helices V and T in the other
subunit HexA (yellow arrows in Fig. 4A, left). The cleft is
sandwiched by a pair of helix bundles (helices D, F, and V as
well as helices G, U, and T). Residues in both subunits partici-
pate in forming the wall of this cleft (Fig. 4, B and C). Hydro-
phobic clefts themselves are also found in various trans-pre-
nyltransferases (8 —12, 15, 18, 22, 59), but their aspects are
discriminated from that for M/-HexPPs as follows. Two inde-
pendent clefts are separately located at the center of each sub-
unit in most of the homodimeric enzymes, as illustrated in
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FIGURE 3. Substrate binding on MI-HexPPs. A, chemical structure of 3-demethyl farnesyl diphosphate (3-DesMe-FPP), an analog of FPP. B, 3-DesMe-FPP
and magnesium ions superposed on the final F, — F. omit electron density map contoured at the 2.5 o (green) and 5.0 o levels (red). The molecules are
shown by a stick model and pink spheres, respectively. Carbons, oxygens, and phosphoruses are shown in yellow, red, and orange, respectively. The pink
spheres labeled with 1, 2, and 3 correspond to Mg1, Mg2, and Mg3 under “Results and Discussion,” respectively. C, front view of the MI-HexPPs structure

bound with 3-DesMe-FPP. Red and blue subunits represent the HexA and HexB subunits, respectively. The first and the second aspartate-rich motifs in HexB,
FARM (DDXX,_,D), and SARM (DDXXD) are shown by stick models as in Fig. 2, A and B. 3-DesMe-FPP and magnesium ions are shown by sphere models using
the same color code as in B. D, top view of the MI-HexPPs structure bound with 3-DesMe-FPP. The same colors are used as in C. E, close-up view around the
substrate-binding sites on MI-HexPPs bound with 3-DesMe-FPP. The first and the second aspartate-rich motifs in HexB, FARM and SARM, are shown. All resi-
dues shown in this panel are HexB residues. F, A-site of HexB superposed on a subunit (chain A) of Ec-FPPs in complex with DMSPP, an analog of DMAPP,
and IPP (PDB code 1RQI). MI-HexPPs and Ec-FPPs are colored in blue and wheat, respectively. DMSPP is shown by a stick model, and its phosphorus and car-

bon atoms are colored in green. Magnesium ions of MI-HexPPs and Ec-FPPs are shown by pink and wheat spheres, respectively. G, I-site. The superposition

was performed as in F. IPP bound on Ec-FPPs is colored in pink.

Fig. 4A (right) and in Fig. 5, B and C. The cleft architecture of
the heterotetrameric Mp-GPPs is essentially the same as that
of the homodimeric enzymes in that the cleft does not pene-
trate from the entrance at the large subunit LSU to inside the
small subunit SSU (Fig. 54). In contrast, the cleft of Mi-
HexPPs starts from the large subunit HexB and extends to the
inside of the small subunit HexA (Fig. 44, left).

The aliphatic tail moiety of 3-DesMe-FPP is accommodated
in this hydrophobic cleft. The w-end of the compound con-
tacts the residues B-Val”® and B-Ala”® (magenta arrows in Fig.
4B) located at the middle position of the cleft. Mutation of
B-Ala” into Leu or Phe is known to change the product chain
length into C,; or C,, respectively (60). This replacement
probably decreases the whole size of the cleft and prevents the
enzyme from elongating the product chain length longer than
C,,/C,5, which is shorter than the original length C,,. In con-
trast, mutation of B-Val”® into a smaller residue, Gly, changes
the ultimate product chain length into C,,, (60). The longer
product chain length is consistent with the increase of the
total cleft size by the mutation. Similar product chain length
investigations were performed with homologous het-
erodimeric trans-prenyltransferases, HepPP synthases from
B. subtilis and from B. stearothermophilus (60— 62). Mutation
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of I-Tyr'®® of the enzyme from B. subtilis® into a smaller resi-
due, Ser, elongates the chain length of its final product into
C,, prenyl diphosphate, which is C, ; longer than the original
length C,, (62). This residue corresponds to A-Phe”® of Mi-
HexPPs (blue arrows in Fig. 4C and supplemental Fig. 44)
located at the bottom of the cleft. The cleft probably accom-
modates the elongated prenyl chain using the bottom space
surrounded by residues A-Ile®® and A-Met>* on helix T, A-
Thr® and A-Val®® on helix V, and A-Phe”® and A-Tyr®*° on
helix U (green and blue arrows in Fig. 4, B and C). The struc-
turally bulky and rigid residues, A-Phe”® and A-Tyr®°, form
the bottom end of the cleft and seem to block the further pre-
nyl chain elongation from exceeding the appropriate length
(Cs3p)- These residues forming the cleft wall in HexA are
highly conserved in HepPPs from B. subtilis and B. stearother-
mophilus (supplemental Fig. 44), as are those forming the
cleft wall in HexB (supplemental Fig. 4B). In addition, the cleft
volume of MI-HexPPs (~1400 A®) is reasonable compared
with other trans-prenyltransferases (Table 3). Enzymes syn-
thesizing longer products have larger cleft size. Also, the cleft

3 The heterodimeric subunits of HepPPs from B. subtilis are named
HepPPs-l and HepPPs-II. These subunits correspond to HexA and
HexB, respectively.
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HexB(Large subunit)

FIGURE 4. Hydrophobic clefts of heterodimeric and homodimeric trans-
prenyltransferases. A, surface representation of the heterodimeric
MI-HexPPs (C5, synthesis) (left) and homodimeric Sc-GGPPs (C,,) (PDB code
2E8V) (right). The bottom two panels represent enlarged drawings of the cleft
around the subunit interface for each enzyme. HexA and HexB of MI-HexPPs
as well as each subunit of Sc-GGPPs are drawn in red, blue, green and light
green, respectively. Orange and yellow arrows indicate the two substrate-
binding sites (cleft entrance) and the bottom of the cleft, respectively. B and
G, residues of HexA and HexB forming the hydrophobic cleft shown in the
ball-and-stick model. 3-DesMe-FPP is shown by a stick model. Magnesium
ions are shown by pink spheres. Magenta, blue, and green arrows are as de-
scribed under “Results and Discussion.”

volume of homodimeric Ss-HexPPs (~1400 A®) is almost the
same as that of M[-HexPPs. These structural and mutational
analyses imply that the hydrophobic cleft regulates the prod-
uct chain length by utilizing the whole size of the cleft formed
by both of the two heteromeric subunits as a ruler and that
the small subunit HexA is also directly involved in the prod-
uct chain length regulation in cooperation with the large sub-
unit HexB beyond the heterodimer interface.

The chain elongation cycle of MI-HexPPs is hypothesized
as illustrated in Fig. 6. First, FPP(C, ;) and IPP(C;) bind at the
A- and I-sites, respectively, and couple to form a C, interme-
diate with the release of an inorganic pyrophosphate (Fig. 6,
A-C). Second, the diphosphate head of the C,, intermediate
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B

A LSU(Large subunit)

FIGURE 5. Hydrophobic clefts of various trans-prenyltransferases in in-
creasing order of the product chain lengths. Surface representations of
the heterotetrameric Mp-GPPs (C,, synthesis) (PDB code 3KRP) (A), ho-
modimeric Gg-FPPs (C, ) (PDB code 1FPS) (B), Sa-GGPPs (C,,) (PDB code
2J1P) (C), and Tm-OPPs (C,,) (PDB code 1V4E) (D) are shown. The bottom
panels show an enlarged drawing of the cleft around the subunit interface
for each enzyme. Orange and yellow arrows indicate the two substrate-bind-
ing sites (cleft entrance) and the bottom of the cleft, respectively. The third
cleft indicated by the blue arrow in A is separated from the “main” and
“functional” cleft indicated by the yellow and orange arrows.

moves from the I-site to the A-site with the movement of the
C,, prenyl tail toward the bottom of the cleft (Fig. 6D). An-
other condensation elongates the chain length to C,;, and the
cleft from the A-site to the bottom is fully occupied by the
elongated chain (Fig. 6E). Finally, the ultimate product HexPP
(Csp) is formed by the final IPP (C;) condensation onto the
C,; intermediate (Fig. 6F). The bulky side chains of A-Phe””
and A-Tyr® block any further chain elongation reaction at
the bottom of the cleft. The synthesized C,, product is re-
leased, and the enzyme is recycled for the next reaction cycle.
Similar reaction steps have been proposed for known trans-
prenyltransferases (13, 59). The crystal structure of ho-
modimeric Sc-GGPPs revealed that Tyr and His residues lo-
cated at the bottom of the cleft contacted the w-end of the
product GGPP and obstructed further chain elongation (PDB
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TABLE 3
Calculated cleft volume
Enzyme Oligomeric type Product chain length PDB code and chains Cleft volume”
A"J

Mp-GPPs Heterotetramer Cio 3KRP (A, B) 422.1
Gg-FPPs Homodimer Cis 1FPS (dimerized A) 549.6,549.8
Sc-GGPPs Homodimer Cyo 2DH4 (A, B) 774.0,786.0
Ph-GGPPs Homodimer Cyo 1WYO (dimerized A) 748.5,748.4
Sa-GGPPs Homodimer Cyo 2J1P (A, B) 903.1,° 519.5”
Ss-HexPPs Homodimer Cso 2A7] (A, B) 1411.7,° 670.3¢
MI-HexPPs Heterodimer Cy 3AQB (A, B) 1419.0
Tm-OPPs Homodimer Cyo 1V4E (A, B) 2000.6

“ The values were calculated using the program CASTp (85—87).

b Chain A accommodates the product GGPP, whereas the other chain is vacant. The ligand may enlarge the cleft size with the shrinkage of the other vacant cleft. The aver-
aged volume of the two chains is ~710 A%, which is comparable with those of Sc- and Ph-GGPPs.
¢ The volume of chain A is consistent with that (1331 A®) previously reported by Sun et al. (11). The estimated volume of chain B is probably different from that holding the

ligand because the chain is in “open” conformation to release the product (11).

A B
FPP(Cls)@A_S'te

T’ IPP(C
at the Heterodimer 7-/)}}) (C.)

=
i O,
interface FPP(C,,) @

[Allylic-substrate] I-site
First-IPP(C,)

Hydrophobic cleft

-OPP

OA-Site
GGPP(C,,)
Yo 20
%@

I-site

HexPP(C,,)
[Final-product]

I-site
OPP=0P,0*

FIGURE 6. Hypothetical chain length determination mechanism of MI-
HexPPs. The red and blue lines represent the cleft wall formed by the small
subunit HexA and the large subunit HexB, respectively. The A- and I-sites
are the allylic substrate-binding site and IPP-binding site, respectively. One
cycle of the elongation reaction is shown.

code 2E8V) (12). It is widely believed that each subunit of the
homodimer in homooligomeric enzymes independently syn-
thesizes the elongated product with a desired chain length (9,
11, 12, 33, 37, 43). In the case of heterotetrameric Mp-GPPs,
the condensation reaction and the C,, chain length control
are essentially dominated only by the large subunit LSU (59).
The small subunit SSU just remotely regulates the conforma-
tion of a loop on the LSU. In contrast, the product chain
length of heterodimeric MI-HexPPs may be cooperatively
controlled by both the HexA and HexB subunits, whereas the
condensation reaction is dominated by only the HexB
subunit.

This intersubunit product chain length control seems to
apply to some homooligomeric enzymes. Mutational and
crystallographic analyses of homodimeric type II GGPPs (C,,
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synthesis) from Pantoea ananatis and from Sinapis alba (Sa-
GGPPs) (PDB code 2J1P), respectively, have suggested that
the bottoms of the clefts were located at the subunit interface
(15, 34) (Fig. 5C). Homodimeric octaprenyl diphosphate syn-
thase (OPPs; C,, synthesis) from Thermotoga maritima (Tm-
OPPs) has a “tunnel” connecting the two condensation reac-
tion sites on the two subunits (Fig. 5D) in addition to the two
deep clefts parallel to the bundle of the helices (PDB code
1V4E) (9, 33). The cooperative regulation of the product
chain length might be widely seen in both homo- and hete-
rooligomeric trans-prenyltransferases synthesizing medium
or long prenyl chain.

In summary, we have determined the crystal structure of a
heterodimeric MI/-HexPPs and proposed its molecular mecha-
nism. The overall structure of this enzyme closely resembles
that of all known trans-prenyltransferases, despite the low
amino acid sequence homology and the distinct polypeptide
chain lengths between the small subunit HexA and typical
catalytic subunits of trans-prenyltransferases as well as the
large subunit HexB. MI-HexPPs probably catalyzes the con-
densation reaction using the HexB subunit. The structural
similarity of the two substrate-binding sites in HexB suggests
that the condensation reaction mechanism of this enzyme is
the same as that of trans-prenyltransferases. It is implied that
the final product chain length is cooperatively regulated by
both the HexA and HexB subunits using the whole size of the
hydrophobic cleft as a ruler. Such cooperation of the two sub-
units has not been widely investigated in trans-prenyltrans-
ferases but might be a common mechanism of both homo-
and heterooligomeric trans-prenyltransferases. The dominant
roles of the small subunit seem to consist of stabilizing the
functional heterodimeric unit of the enzyme through the large
hydrophobic interface and directly regulating the product
chain length together with the large catalytic subunit HexB.
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